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ABSTRACT OF THE THESIS 

 

Adenosine signaling mediates osteogenic differentiation of human embryonic stem 

cells on mineralized matrices 

 
 
 

by  
 
 

Vikram Girish Rao 
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Professor Shyni Varghese, Chair 
 

 

Human embryonic stem cells (hESCs) are attractive cell sources for tissue 

engineering and regenerative medicine due to their self-renewal and differentiation ability. 

Design of simple biomaterials with an intrinsic ability that facilitates hESC 

differentiation to the targeted cell type boasts significant advantages for tissue 

regeneration. We have previously developed biomineralized matrices that promote 

osteogenic differentiation of hESCs without the need of osteogenic-inducing soluble 
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factors. In this study, we investigate the signaling involved and identify a role of the A2b 

adenosine receptor (A2bR) during the differentiation process. Our findings show that 

mineralized matrix-driven osteogenic differentiation occurs through A2bR as inhibition 

of the receptor attenuated this process. In addition, when cultured on matrices in an 

environment deficient of calcium phosphate (CaP) minerals, exogenous adenosine 

promoted osteogenic differentiation of hESCs and this was diminished through the use of 

an A2bR-specific antagonist. Such synthetic matrices that intrinsically support osteogenic 

commitment of hESCs are beneficial for cell-based tissue engineering. Insights into the 

cell signaling during differentiation will help define the key processes and enable the 

design of novel biomaterials that actively promote cell differentiation for bone tissue 

engineering. 
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CHAPTER 1: INTRODUCTION 

1.1) Background 

1.1.1) Bone and tissue engineering methodologies 

 Bone is a tissue undergoing dynamic mineral deposition, resorption, and 

remodeling due to a variety of biochemical, mechanical, and cellular mechanisms. The 

structure of bone is organized hierarchically from a nanoscopic (collagen fibrils) to 

macroscopic scale (spongy and compact bone tissue) (Weiner and Traub, 1992). Type I 

collagen constitutes the majority of the osteoid, which is the organic component of the 

bone extracellular matrix (Wang et al., 2012). In addition to collagen, the osteoid also 

contains a variety of non-collagenous proteins including osteocalcin (OCN), bone 

sialoprotein (BSP), osteonectin (ON), and osteopontin (OPN) (Roach, 1994). These 

proteins share a common role in the involvement in mineralization, the process of osteoid 

deposition. Bone matrix maturation is associated with expression of alkaline phosphatase 

as well as OCN, OPN, and BSP.  

 On a cellular level, there are several cell types that mediate bone homeostasis and 

remodeling, such as osteoblasts, osteoclasts, and osteocytes. Osteoblasts are derived from 

mesenchymal stem cells (MSCs) and responsible for synthesizing the organic 

components of the osteoid, including type I collagen, which mineralizes during bone 

tissue maturation. They also regulate matrix mineralization through the release of vesicles 

containing calcium and phosphate and enzymatically degrade molecules responsible for 

inhibiting matrix formation, such as pyrophosphate (Clarke, 2008). Osteoclasts are 

multinucleated monocyte-macrophage derivatives responsible for bone resorption. These 
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cells secrete acid (H+ ions) and specialized matrix proteinases that degrade the osteoid, 

particularly type I collagen (Blair, 1998). The former is responsible for acidification of 

the resorption compartment to dissolve bone mineral, whereas the latter, such as 

cathepsin K, act as major collagenase to degrade the organic bone matrix (Boyle et al., 

2003). Osteocytes are terminally differentiated osteoblasts that respond to load and 

regulate the function of osteoblasts and osteoclasts. They are coupled electrically and 

metabolically via gap junctions facilitate osteocyte maturation, function, and survival 

(Clarke, 2008;Boskey and Coleman, 2010). Taken together, these cells comprise what is 

known as a bone multicellular unit (BMU) and are responsible for bone remodeling. 

 The aim of bone tissue engineering focuses on the induction of new bone 

formation via a combinatorial effort by cells, biomaterials, and small molecules. There 

are various osteodegenerative diseases that warrant the need for bone tissue repair and 

regeneration. For example, osteoporosis is characterized by decreased bone mass and 

density, which can lead to an increased risk of bone fracture. The rate of osteoclastic 

activity (bone resorption) exceeds that of osteoblasts (bone formation), thus leading to 

higher net bone mass loss. Other clinical cases may require replacement of large bone 

fragments due to surgery. Autologous bone grafting may be perceived as the primary 

standard to circumvent immunological rejection, but this strategy suffers from limited 

available patient-specific bone tissue and donor site morbidity (Illich et al., 2011). In 

theory, it may be simple to implement a cell-based therapy using mature osteoblasts to 

synthesize new bone matrix, there several drawbacks including low cellular availability, 

limited proliferative potential, and donor site morbidity (Illich et al., 2011). Another 

approach uses pharmaceutical or chemically ingested products to improve serum calcium 
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levels and restore them to normal. Bisphosphonates are a class of antiscaling agents that 

can decrease bone resorption, thereby slowing bone loss. In addition, they bind to 

osteoclasts and induce them to undergo apoptosis and thus resulting in the inhibition of 

bone degradation (Whitaker et al., 2012). A recent study described that calcium or 

phosphate alone cannot support bone development in osteoporotic patients and that 

calcium phosphate could improve bone loss as phosphorous deficiency can render 

ingestion of calcium supplement useless since phosphorous accounts for a large fraction 

of bone mineral (Heaney et al., 2010). Although the development of novel drugs and 

bone grafts to assist bone healing is an ongoing challenge, progress towards treating 

bone-related diseases may lie in a combination of cell-based therapy and/or calcium 

phosphate biomaterial-based approach. 

1.1.2) Pluripotent stem cells  

Embryonic stem cells (ESCs) are a promising cell source with high proliferative 

potential. On a long-term basis, ESCs can be maintained and expanded in vitro without 

losing their self-renewal capability in order to give rise to the three germ layers: 

mesoderm, endoderm, and ectoderm (Menendez et al., 2006). ESCs were first isolated 

from murine blastocysts in 1981 and demonstrated these unique properties to distinguish 

them from tissue-specific stem cells (Evans and Kaufman, 1981;Martin, 1981). Murine 

ESCs (mESCs) represented a strong advancement in developing in vitro models to better 

understand mammalian development and creating cell replacement therapies for treating 

diseases. In 1996, human embryonic stem cells (hESCs) were generated from the inner 

cell mass of blastocyst-stage embryos. Analogous to the mESCs, hESCs can also be 

expanded in vitro for extensive periods of time without losing their self-renewal or 
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differentiation potential into the three germ layers (Thomson et al., 1998;Reubinoff et al., 

2000). These cellular properties prove very useful for a number of research areas, 

including developmental biology, cell replacement therapies, drug screening/toxicology, 

and disease modeling (Odorico et al., 2001;Menendez et al., 2005). 

Human induced pluripotent stem cells (hiPSCs) are another type of stem cell that 

has been used in tissue engineering applications. In 2006, Takahasi and Yamanaka 

generically reprogrammed murine ESCs by introducing specific transcription factors 

(Oct3/4, Sox2, c-Myc, Klf4) responsible contributing to the long-term maintenance, rapid 

expansion, and pluripotency of ESCs into culture, which produced new cells were termed 

as induced pluripotent stem cells (Takahashi and Yamanaka, 2006). Like hESCs, they 

can be maintained long-term, differentiate into all cell types from the three germ layers, 

and share similar morphology (Brafman et al., 2010). The use of basic fibroblast growth 

factor (bFGF) helps to maintain pluripotency and long-term self-renewal of both cell 

types (Wang et al., 2005;Brafman et al., 2010;Kang et al., 2014b). In addition, hiPSCs 

can be generated through genetic reprogramming of adult somatic stem cells yielding 

patient-specific cells. This proves advantageous as the strategy circumvents potential 

trepidations concerning immunogenicity. In addition, a major benefit of generating 

individualized cells is the ability to model and develop therapies towards patient-specific 

diseases (Wernig et al., 2007;Apostolou and Hochedlinger, 2011;Zhao et al., 2011). The 

reprogramming of somatic cells to generate a supply of autologous cells with defined 

factors yields promise in tissue engineering and regenerative medicine applications. 

From a practical standpoint, several strategies have been implemented to direct 

differentiate hPSCs into specific lineages. One example is the usage of soluble 
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differentiation induction factors that targets specification towards a desired cell 

phenotype. For example, in order to induce osteogenic differentiation of hESCs, the 

culture medium can be supplemented with osteoinductive soluble factors, including 

ascorbic acid, dexamethasone, and β-glycerophosphate (Sottile et al., 2003). Another 

strategy employs transfecting cells to overexpress lineage-specific genes to encourage 

differentiation. For example, supertransfection of GATA transcription factors in 

embryonic stem cells lead to directed differentiation towards endodermal lineage 

(Fujikura et al., 2002).Using drug selection or sorting techniques can also be beneficial to 

isolate differentiated or progenitor cells. A recent study employed fluorescence activated 

cell sorting to isolate hESC-derived progenitor cells capable of undergoing osteogenic, 

chrondrogenic, myogenic, or adipogenic differentiation while cultured in vitro (Hwang et 

al., 2013).  

Although the pluripotency of both hESCs and hiPSCs hold considerable promise 

for the basis of cell-based therapapies, there have been several drawbacks presented in 

utilizing such cells. The pluripotent nature of hPSCs yields an interesting caveat; from an 

in vivo perspective, the chief concern is that undifferentiated hPSCs can form teratomas, 

which are tumors containing tissue features characteristic of more than one of the three 

germ layers (Levi et al., 2012). Since hPSCs can differentiate into all cell types from the 

three germ layers, the environment to influence differentiation into a targeted phenotype 

is important to avoid teratoma formation. Several studies have implemented strategies to 

target and reduce the number of residual undifferentiated cells prior to transplantation, 

thereby reducing the risk to form tumors in vivo. For example, flow cytometry can be 

used to detect pluripotent stem cell markers, such as NANOG, and sort out the 
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undifferentiated cells. Interestingly, identifying pluripotent stem cell markers bound to 

developmental markers via flow cytometry and using FACS-assisted sorting to separate 

undifferentiated and differentiated cells (Miura et al., 2009;Tang et al., 2011). Although 

there are few studies that demonstrate cellular engraftment and integration within the host 

tissue, it is still valuable to investigate how the transplanted cells interact with the 

surrounding niche in vivo because these niches may play an important role in stabilizing 

fully pluripotent stem cells and guiding their terminal cell differentiation, all while 

minimizing the teratoma formation (Ka and Lemischka, 2006;Levi et al., 2012). In 

regards to only hESCs, the ontological status has been a topic of debate, particularly 

regarding the comparison between the actual cells and embryos (Wert and Mummery, 

2003;Weissman, 2006). Fortunately, the reprogramming of autologous cells to 

undifferentiated patient-specific hiPSCs can circumvent such an issue. Both cell types are 

also cultured and maintained in vitro on mitotically inactivated mouse embryonic 

fibroblast (MEFs) feed layers. Alternatively, ESCs can be cultured on Matrigel®-coated 

feeder layers; however, the problem with expanding these cells on murine feeder layers 

ne potential problem is the risk of cross-contamination by infectious organisms from the 

mouse(Hoffman and Carpenter, 2005). Even the Matrigel® is not safe substrate as it is 

produced from murine sarcoma cells (Hughes et al., 2010). Thus, the culture of hESCs 

and their derivatives can be perceived as unsafe or potentially hazardous (Wang et al., 

2005) for human translational applications, but are beneficial for studying tissue 

engineering and regenerative medicine within in vitro platforms and animal models. 

1.1.3) Osteogenic differentiation of pluripotent stem cells 
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Both hESCs and hiPSCs can serve as a source of multiple cells present within 

bone tissue, including osteoblasts, osteoclasts, and vascular endothelial cells. Extending 

this concept, patient-specific hiPSCs have been heralded as potential sources of bone 

tissue engineering. In particular, differentiation of stem cells into osteoblasts will be 

emphasized. Studies have evaluated various methods to direct differentiation of 

pluripotent stem cells towards osteogenic lineages (Heng et al., 2004). One simple 

method is the usage of osteogenic differentiation medium. The main components in the 

medium influencing the differentiation include dexamethasone, ascorbic acid, and β-

glycerophosphate and their roles in osteogenic differentiation were elucidated in a recent 

review. Dexamethasone is responsible for initiating a signaling cascade to promote end-

stage in vitro mineralization. Ascorbic acid serves as a cofactor for the enzymes for 

hydroxylation of the proline to form type I collagen and treatment of osteoprogenitor 

cells leads to deposition of collagenous ECM, followed by activation of ostegenic genes, 

including osteocalcin and osteopontin (Beck et al., 2000). Lastly, β-glycerophosphate 

serves as a promoter for in vitro mineralization of type I collagen (Langenbach and 

Handschel, 2013). The use of osteogenic differentiation medium helps to promote 

osteogenic differentiation, but this works only from an in vitro perspective as to 

generating a source of terminally differentiated cells. 

Another method to direct differentiation of hPSCs involves an intermediate state, 

where the cells are differentiated into PSC-derived mesenchymal or mesodermal 

progenitor cells prior to terminal differentiation into osteogenic lineage. These cells are 

of mesodermal lineage and treated as MSCs and they can differentiate more efficiently 

into osteoblasts compared to PSCs. Although pluripotency of hPSCs can be maintained 
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using bFGF, mesenchymal progenitors can be derived through change to culture medium 

without bFGF and previous works have demonstrated this derivation and characterization 

of their osteogenic potential both in vitro and in vivo (Marolt et al., 2012;Villa‐Diaz et 

al., 2012;de Peppo et al., 2013). As mentioned previously, hMSCs lose their multipotency 

after extended passages. Comparatively, although hESCs have been shown to exhibit 

signs of osteogenic differentiation in vitro similar to hMSCs, their potential does not 

necessarily translate to forming bone tissue in vivo, thus, there is a disparate bone-

forming capacity between hPSCs and hMSCs (Both et al., 2011). Stepwise pluripotent 

stem cell differentiation protocols involving an intermediate progenitor cell type, such as 

MSCs, to control differentiation into cells of mesodermal lineage cell-based therapies and 

tissue engineering applications. 

 Although the usage of differentiation medium containing osteoinductive soluble 

factors is a common method to induce osteogenesis, another strategy involves usage of 

small molecules that take advantage of signaling pathways to direct terminal 

differentiation of stem cells towards osteoblasts. The use or repurposing of such small 

molecules can serve as bone-forming therapeutics for conditions requiring local bone 

formation, such as fracture repair and critical-sized defects. Here, a few examples of 

osteogenesis-inducing small molecules will be presented and described. Current 

approaches include administering bone morphogenetic protein (BMP), but a high dosage 

is required for an observable change and can yield side effects. For example, BMP-2 is a 

potent Food and Drug Administration (FDA)-approved osteoinductive molecule has been 

used to promote osteogenic differentiation and bone healing (Epstein, 2011;Levi et al., 

2012;Li and Niyibizi, 2012) Although there are not many reports discussing use and/or 
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development of small molecules to promote osteogenic differentiation of PSCs, instead 

more studies have been focused towards MSCs, or mesenchymal progenitor cells as 

otherwise termed which can be derived from such cells. Some methods of distinguishing 

potential osteoinductive molecules to test include via high-throughput screening and 

small-molecule microarrays. One such example is purmorphamine, a tri-substituted 

purine that can promote osteogenic differentiation of murine mesenchymal progenitor 

cells by activation of the Hedgehog signaling pathway (Wu et al., 2002;Wu et al., 2004). 

Another is Nel-like molecule-1 (NELL-1), a potent osteoinductive growth factor that has 

been shown to promote osteogenic differentiation and bone regeneration (Aghaloo et al., 

2006;Cowan et al., 2012). The mechanism under which NELL-1 induces osteogenic 

differentiation is currently under investigation although it has been shown that injection 

into the bone marrow cavity enhances bone formation and increases resistance from bone 

resorption in an ovariectomy-induced osteoporotic rat model (Kwak et al., 2012). Overall, 

the development of novel bone formation-promoting molecules can yield benefits in bone 

healing and treating osteoporotic fractures. 

1.1.4) Calcium phosphate-based biomaterials and osteogenic differentiation of stem 

cells 

 Biomaterials containing calcium phosphate (CaP) moieties have tremendous 

potential towards applications in bone tissue engineering. Bone minerals are calcium 

phosphate groups that take on the form of carbonate apatite nanocrystals. As native bone 

contains CaP minerals, such biomaterials may be termed mineralized biomaterials. The 

rationale in utilizing CaP biomaterials lies in their similarity in composition to bone 

mineral and these materials also share other similar properties with bone, including 
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biodegradability, bioactivity, and osteoconductivity (LeGeros, 2008). CaP biomaterials 

have been utilized in numerous applications, including dental restorations, fracture 

healing, and bone grafts (LeGeros, 2008;Yuan et al., 2010). For such materials to be 

utilized in bone tissue regeneration, it is advantageous for them to be both osteoinductive 

and osteoconductive. Osteoinductivity describes the recruitment and stimulation of 

immature progenitor and stem cells to differentiate into the osteogenic lineage and 

osteoconductivity refers to the ingrowth of natural bone due to osteoblastic activity 

(Albrektsson and Johansson, 2001). The properties of CaP must be optimized and 

controlled in order for their osteoinductive and/or osteoconductive features to be optimal 

in treating bone defects. 

 The crystalline, experimental, and physicochemical features of CaP biomaterials 

influences the determination of their osteoinductive and osteoconductive properties. CaP 

biomaterials can either be osteoinductive or osteoconductive, and their crystallinity can 

be controlled through pH, precursor concentration and composition, as well as synthesis 

temperature (LeGeros, 2008). These experimental parameters can affect other materials 

properties, including concavity, pore size, topography, and particle size (LeGeros, 2008). 

As a result, CaP biomaterials exist in various forms, such as hydroxyapatite 

(Ca10(PO4)6(OH)2) and tricalcium phosphate ((Ca)3(PO4)2) as well as others, including  

octacalcium phosphate (Ca8H2(PO4)6 ∙ 5H2O) and dicalcium phosphate dehydrate 

(CaHPO4∙2H2O) (Suzuki, 2010;Barradas et al., 2011;Al-Sanabani et al., 2013). Both 

naturally and synthetically derived calcium phosphate biomaterials have been the subject 

of many studies focusing on bone-forming capacity, leading to the development of 

commercially available products, such as Vitoss®, Bio-Oss®, NuOss™, Collagraft™, and 
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CopiOs™ (Roberts et al., 2011;Van Hoff et al., 2012;Paknejad et al., 2014). The 

inspiration behind the development of such products stems from the features of native 

bone tissues, where they can provide biochemical signals to cells in a three-dimensional 

environment and contribute to bone healing (Marot et al., 2010;Chan et al., 2013).  

 Osteogenic differentiation of stem cells has also been achieved through the use of 

CaP biomaterials. The extracellular environment mimicked within a CaP biomaterial 

provides cues and plays a role in mediating the functions of stem cells, including 

proliferation and differentiation, (Hwang et al., 2008). Matrix-mediated differentiation 

and transplantation of stem cells has tremendous potential in applications towards bone 

healing. As discussed previously, stem cells, especially those that are patient-specific, are 

an utilizable cell source for bone tissue engineering. One cell type that has been 

extensively used as a cell source in bone tissue engineering includes the MSCs as they 

are mesodermal in origin and thus could differentiate into osteoblasts. Previous studies 

have demonstrated that CaP biomaterials, in conjunction to osteogenesis-inducible 

soluble factors, can promote osteogenic differentiation of MSCs in enhance their in vivo 

viability and function (Muller et al., 2008;Hwang et al., 2011;Westhrin et al., 2015). CaP 

biomaterials with engineered osteoinductivity are different compared to natural 

osteoinductive materials, such as native bone tissues (autografts or allografts) and 

demineralized bone matrix. This was observed as such because the latter originally 

contained osteogenic factors, such as BMPs, prior to their release, whereas the former 

was able to obtain these factors that were circulating in the surrounding environment for 

their subsequent release and eventually lead to bone tissue formation (Katz et al., 

2009;Shue et al., 2012). 
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 Biomaterials containing calcium phosphate (CaP) moieties have strong 

biocompatibility and osteoconductivity for applications in bone tissue engineering. 

Studies conducted by Kang as well as Phadke and colleagues have utilized engineered 

biomineralized matrices composed of poly(ethylene glycol)-diacrylate (PEGDA) 

containing N-acryloyl 6-aminocaproic acid (A6ACA) moieties (PEGDA-co-A6ACA) to 

induce osteogenic differentiation of hMSCs and more recently, hESCs and hiPSCs 

without the use of osteogenic-inducing soluble factors (Phadke et al., 2012; Kang et al., 

2014a; Kang et al., 2014b). The A6ACA group contains a carboxyl functional group, 

which enables the binding of Ca2+ during biomineralization and subsequent growth and 

nucleation of CaP minerals (Phadke et al., 2010). Thus, PEGDA-co-A6ACA is 

advantageous in terms of its osteoinductivity and osteoconductivity, although it does not 

degrade well in vivo. The ability of CaP-based matrices to direct osteogenic commitment 

of stem cells and osteoprogenitor cells makes them an exemplary scaffold for bone tissue 

engineering applications. For example, Shih and colleagues have recently reported the 

use of CaP biomaterials to promote posterolateral spinal fusion in an athymic rat model 

(Shih et al., 2015). The use of such a synthetic matrix that mimics the extracellular matrix 

(ECM) of native bone and influences stem cell differentiation towards the osteogenic 

lineage is useful although the mechanisms by this process occurs require further 

elucidation. 

1.1.5) Adenosine and purinergic signaling and their role in differentiation of stem 

cells 

 Purines can act as signaling molecules in several forms, such as 5’-nucleotides, 

monophosphates and diphosphates, or as nucleosides. These molecules can activate 
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purinergic receptors classified into three distinct types: P1, P2X, and P2Y (Agrawal and 

Gartland, 2015). Adenine-containing nucleotides are hydrolyzed to produce adenosine 

that exerts physiological effects through the activation of adenosine receptors. ATP 

degradation yields numerous products, one such product is adenosine, which is recycled 

through a continuous cycle of ATP-adenosine generation and metabolism (Evans et al., 

2006). Adenosine and its receptors have different functions in a large variety of tissues. 

There are four types of adenosine or P1 receptors: A1R, A2aR, A2bR, and A3R. These 

receptors are characterized as G protein-coupled receptors (GPCRs), which are 7 

transmembrane-spanning cell surface proteins with varying pharmacokinetic profiles and 

distribution within human tissues (Fredholm et al., 2011). Furthermore, they are 

distinguished by their ability to stimulate (A2aR and A2bR) or inhibit (A1R and A3R) 

cyclic adenosine monophosphate (cAMP) activity and can serve as potential therapeutic 

targets for many diseases, such as osteoporosis and Parkinson’s disease (Fredholm et al., 

2000;Fredholm, 2010).  

 The role of adenosine signaling has also been demonstrated in regulating bone 

metabolism and function. Studies conducted by Shimegi first showed the function of 

adenosine receptors in bone cells, where adenosine served to promote mitogenesis in the 

MC3T3-E1 pre-osteoblast line (Shimegi, 1996;Shimegi, 1998). Furthermore, hMSCs and 

other osteoprogenitor cells have been shown to produce extracellular adenosine and 

express all four adenosine receptors, subsequently leading to the observation that leading 

to adenosine and receptor agonists modulated the secretion of IL-6 and osteoprotegrin, 

key molecular players in osteoclastogenesis (Evans et al., 2006). Thus, there is an 

increasing involvement of adenosine receptors in mediating osteoclast and osteoblast 
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activity. Studies have been conducted to investigate the role of these receptors in bone 

homeostasis. The A1 adenosine receptor plays an important role in promoting human 

monocytic fusion into giant cells and formation of osteoclasts in vitro (Merrill et al., 

1997;Kara et al., 2010a). From an in vivo perspective, knockout of A1R in mice led to 

increase in bone density and decrease in ovariectomy-induced bone loss (Kara et al., 

2010b). It would appear that inhibition of A1R might possibly lead to decreased bone 

loss due to bone-degenerative diseases. 

 Other adenosine receptors such as A2aR and A3R have been investigated to 

clarify their role in osteoblastic differentiation and function although they may also 

influence osteoclastic activity. Similar to A1R, A2aR has been reported to involved in 

monocytic fusion into giant cells although activation of the receptor through the use of an 

agonist has been shown to inhibit osteoclastic differentiation and secretion of pro-

inflammatory cytokines (Merrill et al., 1997;Mediero et al., 2012). Interestingly, it has 

been demonstrated that A2aR plays a role in the development of bone marrow-derived 

MSCs, in which activation of the receptor by endogenously produced adenosine 

promoted proliferation and differentiation (Katebi et al., 2009). In addition, although 

there have not been studies reporting the effects of A2aR deletion on osteoblastic 

function, A2aR has been shown to be upregulated during rat bone marrow MSC 

differentiation into osteoblasts (Gharibi et al., 2011). Very little is known about the role 

of A3R although reports have described its expression in both osteoblasts and their 

osteoblastic precursors, in which stimulation via an A3R-selective agonist promoted 

osteoblastic proliferation and this process is impeded by blockade of the receptor (Evans 

et al., 2006;Costa et al., 2011). 
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 In contrast to the previously discussed adenosine receptors, many studies have 

communicated strong evidence for the role of A2bR in osteoblastic differentiation and 

function. Prior works demonstrate that A2bR is expressed in human osteoprogenitor cells 

and in rat bone marrow-derived MSCs; its expression is upregulated during osteogenic 

differentiation (Evans et al., 2006;Gharibi et al., 2011). Others have corroborated the 

relevance and importance of A2bR is promoting osteogenic differentiation. For example, 

activation of A2bR in CD73-overexpressed MC3T3-E1 cells promoted osteogenic 

differentiation as observed in increased upregulation of osteogenic markers, osteocalcin 

and bone sialoprotein. The abrogation of osteogenic differentiation was observed through 

treatment of an A2bR-specifc antagonist, but was not observed through blockage of 

A2aR (Takedachi et al., 2012).  Likewise, inhibition of A2bR in human MSCs via PSB 

603 hindered osteogenic differentiation even in the presence of an agonist. In addition, 

agonist-induced proliferation of human osteoblasts was reduced by adenosine receptor-

specific antagonists (Costa et al., 2011). Murine models have further demonstrated the 

role of A2bR in osteogenic differentiation and fracture healing in vivo, where ex vivo 

culture of MSCs from A2bR KO mice exhibited attenuated expression of osteogenic 

markers. Also, the analyzed bone marrow exhibited a small number of mineralized 

nodules, most probably due to reduced numbers of osteoblasts. Micro-CT analyses of 

femurs from murine A2bR KO demonstrated low ratio of bone volume to total callus 

volume and histological staining of excised tissues further supported these observations 

(Carroll et al., 2012). From these studies, A2bR plays a key role in regulating osteogenic 

differentiation and bone tissue formation, but there is a need to explicate the role of 

adenosine receptors in mediating terminal cell fate and development. 
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As described previously, adenosine receptors as well as other purinergic receptors 

have also been shown to play a role in mediating differentiation of stem cells into various 

cell types. For example, the development of the skeletal system is a carefully coordinated 

process that is dependent upon the differentiation of MSCs. MSCs can differentiate into 

chondrocytes and osteoblasts and the multipotency of MSCs has been demonstrated 

extensively, where they can differentiate into other cell types, such as chondrocytes, 

adipocytes, and osteoblasts (Minguell et al., 2001;Augello and De Bari, 2010;Zippel et al., 

2011). Studies by Gharibi and others showed that adipogenic and osteogenic 

differentiation of rat bone marrow MSCs are mediated by adenosine receptors. In 

particular, adipogenesis was mediated by A1R and A2aR, whereas osteogenesis was 

mediated by A2bR, and an upregulation of lineage-specific genes was observed upon 

activation of these receptors, thus demonstrating the role of purinergic signaling in 

mediating differentiation (Gharibi et al., 2011;Ciciarello et al., 2013). Similarly, another 

study conducted by the same authors demonstrated that overexpression of A1R in 

osteoblast precursor cells led to diminution in osteogenic marker expression and instead 

promoted adipogenic differentiation (Gharibi et al., 2012). From a pharmacological 

approach, the development of chemically synthesized modulators to target specific 

receptors to influence stem cell differentiation can be beneficial for bone tissue 

engineering.  A recent study showed that the treatment of hMSCs using a positive 

allosteric modulator (KI-7) for A2bR promoted osteogenic differentiation as 

demonstrated by increased levels of osteogenic markers, cAMP, and matrix 

mineralization, even in the presence of adenosine receptor agonists (Trincavelli et al., 

2014). 
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Utilizing biomaterials to investigate the role of adenosine signaling in mediating 

stem cell differentiation have been recently explored. For example, a study by Shih et al. 

determined that biomineralized PEGDA-co-A6ACA matrices containing CaP moieties 

induced osteogenic differentiation of hMSCs through A2bR signaling. Here, the matrices 

underwent dissolution in medium lacking such ions and phosphate uptake into the 

mitochondria led to the production of ATP, leading to degradation to adenosine and 

subsequent activation of A2bR. Usage of an A2bR-selective antagonist, PSB 603, 

hindered the differentiation as supported by abrogation of osteogenic marker expression 

and diminishing of immunofluorescent staining for osteocalcin as compared to culture on 

mineralized matrices (Shih et al., 2014). Moreover, it was shown that hMSCs underwent 

osteogenic differentiation on mineralized matrices, even in the presence of adipogenic-

inducing soluble factors. As hMSCs differentiated into osteoblasts through activation of 

A2bR, its serial inhibition led hMSCs to differentiate into adipocytes. Thus, A2bR acted 

as a molecular arbitrator of cell fates in an environment containing both CaP mineralized 

matrix-based cues and adipoinductive cues (Kang et al., 2015). Such matrices can help 

further elucidate molecular mechanisms of purinergic signaling that influence 

differentiation of stem cells into specific lineages. 

Although the role of adenosine receptor signaling through cAMP to investigate 

MSC differentiation has been investigated, there have not been many studies focusing on 

the role of adenosine signaling in mediating pluripotent stem cell differentiation into cell 

types, such as osteoblasts. Although there are some studies that report the role of the 

mitochondria function in guiding osteogenic commitment of ESCs, there are very few to 

no reports implementing biomaterials mimicking the CaP mineral-rich environment of 
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native bone (Kwon et al., 2015). The implementation of a biomineralized material can 

help investigate molecular mechanisms guiding numerous cellular-level processes such 

as differentiation, proliferation, and protein production. In addition, key molecular 

determinants can be identified to better understand how such processes are mediated and 

may yield insights into developing pharmacological agents or tools towards tissue 

engineering translational applications.  

1.2) Motivation and thesis objective 

In this thesis, the role of adenosine signaling in biomineralized matrix-mediated 

osteogenic differentiation of hESCs is investigated. Guiding pluripotent stem cell 

differentiation into a targeted phenotype remains a challenge for tissue engineering and 

regenerative medicine applications. Mimicking the CaP-rich microenvironment through 

the use of such biomineralized matrices is crucial as these minerals play an important role 

in the composition of the bone ECM as well as bone homeostasis (Guvendiren and 

Burdick, 2010;Bouillon and Suda, 2014). Elucidation of such mechanisms can yield 

promise for better understanding mechanisms of pluripotent stem cell differentiation 

towards osteogenic lineages, treat bone-related diseases, and develop novel therapies 

towards bone tissue engineering. 

1.3) Experimental setup 

 Hydrogels composed of poly(ethylene glycol)-diacrylate (PEGDA) containing N-

acryloyl 6-aminocaproic acid (A6ACA) moieties, hereafter denoted as PEGDA-co-

A6ACA, were synthesized. These matrices were immersed in a solution containing 

calcium and phosphate to promote biomineralization in order to promote the binding and 
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growth of CaP minerals. These matrices were characterized in terms of their morphology 

and elemental spectra.  

 Prior to cell culture, the PEGDA-co-A6ACA matrices were sterilized through 

immersion in 70% ethanol and washed with sterile PBS for several days. To promote the 

attachment of hESCs, the matrices were coated in a solution containing Matrigel diluted 

with chilled DMEM for one day and immersed afterwards in growth medium containing 

FBS-Premium for one day. Cells were seeded, cultured, and collected after 14 and 21 

days of culture. Collected samples were analyzed for osteogenic marker and additional 

gene expression via quantitative real-time PCR and immunofluorescent staining for 

osteocalcin. The study described in the thesis is organized into several parts as follows: 

(1) Synthesis and characterization of PEGDA-co-A6ACA matrices. 

(2) Assess effect of CaP-rich mineralized matrices in promoting osteogenic 

differentiation of hESCs. 

(3) Evaluate role of A2bR signaling in mediating mineralized matrix-mediated 

osteogenic differentiation of hESCs. 

(4) Investigate effect of exogenous adenosine in promoting osteogenic differentiation 

of hESCs cultured in CaP mineral-deficient environment mediated through A2bR 

signaling. 

Chapter 1, in part, is currently being prepared for submission for publication of the 

material: Vikram Rao, Heemin Kang, Harsha Kabra, Yu-Ru V. Shih, and Shyni 

Varghese.* The thesis author was the primary investigator and author of this paper. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1) PEGDA-co-A6ACA hydrogel synthesis: Poly(ethylene glycol)-diacrylate 

(PEGDA; Mn = 6 kDa), N-acryloyl 6-aminocaproic acid (A6ACA), and PEGDA-co-

A6ACA hydrogels were synthesized as described previously (Kang et al., 2014b). To 

summarize, 555 mg of A6ACA was dissolved in 3 mL of 1 M NaOH. Upon 

neutralization, 60 mg PEGDA was added to yield a precursor solution composed of 1 M 

A6ACA and 2% (wt/vol) PEGDA. Using 0.15% N,N,N’,N’-tetramethylethylenediamine 

(TEMED) and 0.5% ammonium persulfate (APS) as the initiator and accelerator, 

respectively, the resulting solution was polymerized within 1-mm glass spacer plates 

(Bio-Rad, catalog number: 165-3311) for one hour at 25°C to yield PEDGA-co-A6ACA 

hydrogels. The 1-mm hydrogel sheets were immersed and equilibrated in phosphate 

buffered saline (PBS; pH = 7.4) for 30 minutes, after which circular discs measuring one 

square centimeter in area were punched out and incubated overnight in PBS. 

2.2) Hydrogel mineralization and sterilization: Mineralization of PEGDA-co-

A6ACA hydrogels was carried out as described elsewhere (Phadke et al., 2010). Briefly, 

hydrogels were equilibrated in deionized (DI) water for 6 hours and subsequently 

immersed in modified simulated body fluid (m-SBF; pH = 7.4) for 6 hours. The ionic 

concentrations of m-SBF include 142.0 mM Na+, 5.0 mM K+, 2.5 mM Ca2+, 1.5 mM 

Mg2+, 103.0 mM Cl-, 10.0 mM HCO3
-, 1.0 mM HPO4

2-, and 0.5 mM SO4
2- (Oyane et al., 

2003). After briefly rinsing in DI water, the hydrogels were immersed in a solution (pH = 

5.2) containing 40 mM Ca2+ and 24 mM HPO4
2- while rotating on a VWR Mini-shaker at 

a speed of 200 revolutions per minute (rpm) for 45 minutes at 25°C. Afterwards, the 
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hydrogels were briefly rinsed in DI water and reimmersed in m-SBF for 48 hours at 37°C, 

during which the solution was changed daily. The hydrogels were then immersed and 

equilibrated in PBS for 6 hours prior to sterilization. Sterilization for both mineralized 

and non-mineralized PEGDA-co-A6ACA hydrogels was carried out by immersion in 

70% ethanol for three hours, followed by five daily washes in sterile PBS for three days 

prior to cell culture. 

2.3) Scanning electron microscopy (SEM) & energy dispersive spectra (EDS): 

SEM was performed by rinsing both mineralized and non-mineralized matrices in DI 

water for 5 minutes and slicing them into flat strips. They were then flash-frozen in liquid 

nitrogen and lyophilized overnight. Matrix strips were coated with Iridium for 7 seconds 

within a sputter (Emitech, K575X), imaged using scanning electron microscope (Philips 

XL30 ESEM), and analyzed for elemental spectra using its integrated EDS system. The 

Ca/P atomic ratio was computed using Oxford Energy Dispersive Spectra with INCA 

software. 

2.4) Cell culture: Human embryonic stem cells (hESCs; HUES9) were maintained 

on mitotically inactivated mouse embryonic fibroblast (MEF) feeder cells with culture 

medium containing Knockout DMEM (Life Technologies, catalog number: 10829-018) 

supplemented with 10% (vol/vol) Knockout Serum Replacement (KSR; Life 

Technologies, catalog number: 10828-028), 10% (vol/vol) human plasmanate (Talecris 

Biotherapeutics), 1% (vol/vol) non-essential amino acids (NEAA), 1% (vol/vol) Gluta-

MAX, 1% (vol/vol) penicillin streptomycin, and 55 µM 2-mercaptoethanol. The medium 

was supplemented with basic fibroblast growth factor (bFGF; 30 ng/mL) and exchanged 
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with fresh medium daily. Cells were enzymatically detached using Accutase (Millipore) 

and regularly passaged upon reaching approximately 80% confluence. 

Prior to cell seeding, both mineralized and non-mineralized matrices were coated 

with Matrigel (Corning, catalog number: 354277) diluted 1:82 with DMEM (Invitrogen) 

and incubated overnight at 4°C. The following day, matrices were incubated in medium 

containing high glucose DMEM, 20% (vol/vol) fetal bovine serum (Premium (FBS); 

Atlanta Biologicals, catalog number: S11150), and 1% (vol/vol) penicillin streptomycin 

for 24 hours at 37°C. Cells were seeded at an initial density of 10,000 cells per square 

centimeter in culture medium containing bFGF (30 ng/mL) for one day. Fresh medium 

was added for two days and subsequently changed to growth medium containing high 

glucose DMEM, 4 mM L-glutamine, 10% (vol/vol) FBS (Gibco), and 1% (vol/vol) 

penicillin streptomycin. All cell cultures were maintained at 37°C and 5% CO2. 

Adenosine (30 µg/mL, Sigma Aldrich) and 8-[4-[4-(4- chlorophenzyl)piperazide-1-

sulfonyl)phenyl]]-1-propylxanthine	   (PSB 603) (100 nM; Tocris Biosciences, catalog 

number: 3198) were respectively added to growth medium in order to induce osteogenic 

differentiation of HUES9 cells and pharmacologically inhibit A2bR with fresh medium 

changed every other day. 

2.5) Quantitative real-time polymerase chain reaction (qRT-PCR): Samples were 

collected using TRIzol Reagent (Life Technologies, catalog number: 15596-018) and 

RNA extraction was performed using phenol-chloroform extraction method. For each 

sample, one microgram of RNA was reverse-transcribed to complementary DNA 

(cDNA) using iScript cDNA Synthesis Kit (Bio-Rad, catalog number: 17-8891) 
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according to the manufacturer’s instructions. The synthesized cDNA was analyzed via 

quantitative real-time PCR (qRT-PCR) for osteogenic markers, osteocalcin (OCN), runt-

related transcription factor 2 (RUNX2), and secreted phosphoprotein 1 (SPP1) as well as 

additional genes, including solute carrier family 20 member 1 (SLC20a1) and Nanog 

homeobox (NANOG). Primer sequences for each analyzed gene are provided in 

Supplementary Table 1. Reactions were performed using SYBR Select Master Mix (Life 

Technologies, catalog number: 4472908)	   and ABI Prism 7700 Sequence Detection 

(Applied Biosystems). Normalization for each target gene was performed with respect to 

the housekeeping gene (GAPDH) and the undifferentiated hESCs, quantified using 

values determined by 2-ΔΔCt, and presented as fold expression. 

2.6) Immunofluorescent staining: Osteogenic differentiation of human embryonic 

stem cells was evaluated by immunofluorescent staining for osteocalcin, an osteoblast-

specific marker. Cells were fixed in 4% paraformaldehyde for 10 minutes at 25°C. 

Following this, they were incubated in blocking buffer composed of 3% (wt/vol) bovine 

serum albumin (BSA) and 0.1% (vol/vol) Triton™ X-100 in PBS for 45 minutes at 25°C. 

The fixed cells were incubated overnight with primary antibodies (1:50; mouse 

monoclonal, Santa Cruz Biotechnology, catalog number: sc-74495) in blocking buffer at 

4°C. They were then incubated with blocking buffer containing secondary antibody 

(1:100; goat anti-mouse Alexa Fluor® 568, Life Technologies, catalog number: A-11004) 

and phalloidin (1:100; Alexa Fluor® 488, Life Technologies, catalog number: A12379). 

Nuclei were counter-stained using Hoechst 33342 (2 µg/mL; Life Technologies, catalog 

number: H1399) at 25°C for 10 minutes and washed with PBS. The samples were 
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mounted onto glass slides and imaged using a fluorescence microscope. Images were 

acquired using an A1 Zeiss Inverted microscope and analyzed using ImageJ. 

Immunofluorescent images were acquired under a linear mode and at the same optimized 

exposure time for all samples. The background was uniformly subtracted from all images 

using a rolling ball radius method and value of 750.0 pixels. 

2.7) Statistical analysis: Statistical analyses were carried out using GraphPad 

Prism® (v. 5.00). One-way analysis of variance (ANOVA) along with Tukey-Kramer 

post-hoc test was used to compare multiple groups at the same time point. Different 

letters represent statistical significance between multiple groups, i.e. groups denoted by 

“a” are statistically significant to those represented by “b” or “c.” Two-tailed Student’s t-

test was utilized to compare two groups at the same time point. Two-way ANOVA with 

Bonferroni post-hoc test was to compare multiple groups at different time points. From 

these tests, the p-values were determined and statistical significances were assigned for p-

values less than 0.05. 

Chapter 2, in part, is currently being prepared for submission for publication of 

the material: Vikram Rao, Heemin Kang, Harsha Kabra, Yu-Ru V. Shih, and Shyni 

Varghese.* The thesis author was the primary investigator and author of this paper. 
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CHAPTER 3: RESULTS 

3.1) Synthesis and characterization of non-mineralized and mineralized PEGDA-co-

A6ACA matrices.  

Matrices were synthesized by crosslinking poly(ethylene glycol)-diacrylate 

(PEGDA) with N-acryloyl 6-aminocaproic acid (A6ACA). Mineralization of matrices 

occurred with the binding of Ca2+ to terminal carboxyl groups along the pendant side 

chain of A6ACA, leading to the subsequent nucleation and growth of CaP minerals 

(Phadke et al., 2010). In order to characterize the morphology and elemental composition 

of the non-mineralized and mineralized matrices, scanning electron microscopy (SEM) 

and energy dispersive spectra (EDS) analyses were performed as shown in Figure 1. The 

SEM images showed the mineralized matrices displaying a continuous layer of bound 

CaP minerals exhibiting a plate-like morphology. The elemental spectra analysis further 

confirmed the presence of calcium and phosphorous elements in the mineralized matrices 

with a quantified Ca/P ratio of 1.31. As expected, the non-mineralized matrices did not 

contain any matrix-bound CaP minerals or peaks distinguishing such elements. 

3.2) Mineralized matrix-driven osteogenic differentiation of hESCs. 

The hESCs cultured on non-mineralized and mineralized matrices in growth 

medium were able to adhere and spread onto the matrices as well as grow to confluence 

within 8 days (Figure 2). Analysis of the gene expression demonstrated a significant 

upregulation of various osteogenic markers, OCN, RUNX2, and SPP1 for hESCs 

cultured on mineralized matrices as compared to non-mineralized matrices over 21 days 

(Figure 3A). Immunofluorescent staining for osteocalcin further corroborated these 
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findings, where osteocalcin was stained positive in hESCs cultured on mineralized 

matrices in contrast to those cultured on non-mineralized matrices (Figure 3B). Since 

osteocalcin is a deterministic marker for late-stage osteogenic differentiation, its staining 

intensity markedly increased between 14 and 21 days. In addition to the osteogenic 

expression measurements, hESCs exhibited a higher upregulation of the sodium-

phosphate symporter, SLC20a1, when cultured on mineralized matrices compared to non-

mineralized matrices (Figure 4A). On the other hand, the downregulation of the 

pluripotency marker, NANOG, was observed as a function of time for both non-

mineralized and mineralized matrix groups (Figure 4B). 

3.3) Mineralized matrix-assisted osteogenic differentiation through A2bR signaling. 

Since we previously identified a role of A2bR during osteogenic differentiation of 

hMSCs in a CaP mineral-rich environment (Shih et al., 2014), we thus wanted to explore 

whether A2bR was similarly involved in hESCs during differentiation. To determine this, 

we used a selective antagonist, 8-[4-[4-(4-chlorophenzyl)piperazide-1-sulfonyl)phenyl]]-

1-propylxanthine	   (PSB 603), to block A2bR signaling. HESCs cultured on mineralized 

matrices exhibited an upregulation of osteogenic genes, OCN, RUNX2, and SPP1, while 

the presence of PSB 603 in the CaP mineral-rich environment abrogated the upregulation 

of osteogenic genes (Figure 5A). These observations were further supported by analysis 

of immunofluorescent staining intensity for osteocalcin. The intensity of osteocalcin was 

increased for hESCs cultured on mineralized matrices after 14 days, but diminished in the 

presence of PSB 603 (Figure 5B). At 21 days, the staining intensity of osteocalcin was 

markedly higher for hESCs cultured on mineralized matrices in growth medium and was 

similarly diminished in the presence of PSB 603 (Figure 5C).  
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3.4) Exogenous adenosine-mediated osteogenic differentiation through A2bR in a CaP-

deficient environment. 

 To further substantiate the role of adenosine signaling during osteogenic 

differentiation of hESCs, cells were cultured on non-mineralized matrices devoid of CaP 

in the presence of adenosine. Results showed supplementation of exogenous adenosine 

promoted osteogenic differentiation of hESCs on non-mineralized matrices, while 

inhibition of A2bR with PSB 603 led to a downregulation of the osteogenic genes (Figure 

6). In addition, immunofluorescent staining for osteocalcin was highly positive for cells 

cultured on non-mineralized matrices in the presence of adenosine, whereas a reduction 

in the staining intensity was observed in other medium conditions after 14 and 21 days 

(Figure 7). 

Chapter 3, in part, is currently being prepared for submission for publication of 

the material: Vikram Rao, Heemin Kang, Harsha Kabra, Yu-Ru V. Shih, and Shyni 

Varghese.* The thesis author was the primary investigator and author of this paper. 
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CHAPTER 4: DISCUSSION 

Harnessing the ability of pluripotent stem cells to differentiate into the desired cell 

type, such as osteoblasts, is tremendously beneficial for bone tissue engineering. Recent 

studies shown that biomaterials containing calcium phosphate minerals promote 

osteogenic differentiation of adult (Yuan et al., 2010;Phadke et al., 2012;Phadke et al., 

2013) and pluripotent stem cells (Kang et al., 2014a;Kang et al., 2014b) without the 

addition of osteogenic factors, such as BMPs (Seyedjafari et al., 2010;Vaquette et al., 

2013). Our previous findings demonstrate the involvement of phosphate ions during 

osteogenic differentiation on CaP matrices through SLC20a1-ATP-adenosine metabolic 

signaling (Shih et al., 2014). Although hESCs are developmentally naïve and possess 

vastly different cell machinery compared to hMSCs (Ulloa-Montoya et al., 2007;Aranda 

et al., 2009;Barbet et al., 2011), they still consistently differentiate into osteoblasts on 

CaP matrices similarly to hMSCs. This points to a unique property of the calcium 

phosphate environment in modulating the process of osteoblast formation. The functional 

effect of calcium and phosphate ions on pluripotent stem cells (PSCs) or the response of 

PSCs to extracellular ions is seldom investigated. Cell membrane proteins, such as 

calcium-sensing receptors (CASR), are expressed in murine ESCs (mESCs) and increases 

in extracellular calcium of CASR agonists augment the differentiation towards 

cardiomyocytes (Sun et al., 2013). In response to pharmacological stimulation, 

intracellular calcium transients were observed (Meyer et al., 2009). Not surprisingly, 

microarray analysis revealed the presence of a repertoire of ions channels, such as 

voltage-gated calcium channels, calcium-activated potassium channels, and transient 
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receptor potential channels on iPSCs (Linta et al., 2013). Such ion channels may regulate 

the response of iPSCs to changes in extracellular calcium level. This has been shown in a 

study whereby small interfering RNA-induced knockdown for T-type (Cav3.2) Ca2+ 

channels induced a loss of self-renewal capacity in mESCs (Rodriguez-Gomez et al., 

2012). 

Similar to hMSCs, results in this study demonstrate an upregulation of the 

phosphate transporter, SLC20a1, during differentiation of hESCs, and that biomineralized 

matrices promote osteogenic differentiation of hESCs through A2bR as pharmacological 

inhibition of A2bR abgrogated osteogenic differentiation of hESCs on CaP matrices. 

Furthermore, we also observed the hESCs undergo osteogenic differentiation in the 

presence of adenosine devoid of CaP environment. This suggests adenosine acts as a 

downstream regulator of CaP-mediated differentiation and that elevated levels are 

sufficient for differentiation requiring A2bR. A2bR signaling promotes the activation of 

cyclic AMP (cAMP) through Gs proteins, leading to stimulation of downstream signaling 

molecules (Ham and Evans, 2012). Hsiao and colleagues have demonstrated the 

engineering of a G-protein coupled receptor (GPCR) with constitutive Gs signaling in 

murine osteoblasts dramatically enhanced bone mass (Hsiao et al., 2008). A study by 

Siddappa et al. reported the involvement of protein kinase A (PKA), where cAMP/PKA 

signaling induced in vitro osteogenesis of hMSCs and promoted in vivo bone formation 

(Siddappa et al., 2008) with cAMP either stimulating or inhibiting osteogenesis in 

hMSCs, depending on the duration rather than the strength of the signal (Siddappa et al., 

2010). In pluripotent stem cells, A2bR expression is upregulated in differentiated 

embryoid bodies compared to undifferentiated ESCs (Layden et al., 2010). However, 
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cAMP exerts contrasting effects during early versus late stages of osteogenic 

differentiation of murine ESCs by inhibiting differentiation at early stages, but is required 

at later stages (Zhang et al., 2012).  

Chapter 4, in part, is currently being prepared for submission for publication of 

the material: Vikram Rao, Heemin Kang, Harsha Kabra, Yu-Ru V. Shih, and Shyni 

Varghese.* The thesis author was the primary investigator and author of this paper. 
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CHAPTER 5: CONCLUSION AND FUTURE STUDIES 

To summarize, the results in this study demonstrate that CaP-bearing 

biomineralized PEGDA-co-A6ACA matrices can direct osteogenic commitment of 

human embryonic stem cells via adenosine signaling. Although this study describes the 

importance of purinergic signaling in directing ESC osteogenic fate, there is warrant for 

future studies to further elucidate the role of calcium signaling and whether there exists a 

network of signaling that are also involved in mediating osteogenic differentiation of 

pluripotent stem cells on CaP matrices. Further efforts to investigate the cellular signaling 

involved can shed light on our biological understanding of how cells behave in 

biomaterials and aid in the development of novel biomaterials for cell transplantation 

bone tissue engineering. 

It is also important to provide the future directions that stem from the information 

presented in this study. One such future study can include the evaluation of incorporating 

adenosine into a degradable CaP mineral-deficient scaffold and assessment of pluripotent 

stem cells towards the contribution of bone tissue formation and healing in vivo. As 

presented, there is a clinical aspect behind the use of hiPSCs and thus would be chosen to 

assess the effects of the adenosine-incorporated scaffold. We have preliminary data 

demonstrating that adenosine could directly influence hiPSC differentiation into 

osteogenic lineage. This may yield positive results and provide insights into alternative 

solutions utilizing combinations of small molecules, CaP biomaterials, and patient-

specific stem cells to assist bone tissue engineering. 
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Another future study involves investigating the role of the CaP mineral 

environment on osteoclastic activity. Although osteoclasts are derived from monocyte-

macrophage, it would be interesting to assess the effect of an A1R-specific agonist to 

stimulate differentiation and observe whether these cells can adhere to the PEGDA-co-

A6ACA biomineralized matrix. Although PEGDA-co-A6ACA hydrogels do not degrade, 

the use of a biomineralized matrix composed of a degradable material, such as gelatin 

metacrylate (GelMA) containing A6ACA moieities (GelMA-co-A6ACA), may better 

candidate since they release cathepsin K to degrade bone matrix and can give us an idea 

how to inhibit osteoclastogensis. Validation of the osteoclastic differentiation could be 

achieved through immunofluorescent staining and qRT-PCR analysis for osteoclastic 

markers (osteoprotegrin, RANK-L, OSCAR). This might provide mechanistic insights for 

osteoclast development and we can evaluate methods to inhibit this process such as 

exogenously added A1R-specific antagonists. Alternatively, we can try to do a co-culture 

of both hMSCs and monocyte-macrophages on the mineralized matrix composed of 

GelMA-co-A6ACA, stimulate osteoclastic differentiation of the latter cell type through 

addition of A1R-specific agonist, and evaluate how the cells interact with each other on 

the mineralized matrix. 

One additional study could be to evaluate the role of adenosine receptor agonists 

to influence differentiation of hMSCs into different cell types, such as adipocytes and 

chondrocytes. We have shown that exogenous adenosine promotes osteogenic 

differentiation of hMSCs through A2bR. In addition, since we have showed that 

inhibition of A2bR signaling in a CaP mineral-rich environment drives adipogenic 

differentiation of hMSCs, it might be interesting to observe the effects of A1R and A2aR 
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on adipogenic and chondrogenic differentiation, respectively. From there, we can seed 

hMSCs within a 3-D scaffold (macroporous non-mineralized hydrogel) and precondition 

with supplementing medium with A2aR-specific agonist to promote chondrogenic 

differentiation. Then, we implant the preconditioned cell-laden hydrogels and assess 

cartilage formation. This can yield prospects in small molecule development to activate 

specific adenosine receptors to promote differentiation and repair due to cartilaginous 

injury. 

Chapter 5, in part, is currently being prepared for submission for publication of 

the material: Vikram Rao, Heemin Kang, Harsha Kabra, Yu-Ru V. Shih, and Shyni 

Varghese.* The thesis author was the primary investigator and author of this paper. 
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FIGURES 

 

Figure 1. Characterization of non-mineralized and mineralized matrices. SEM images 
and corresponding EDS of non-mineralized (NM) and mineralized (M) matrices. Scale 
bars represent 5 µm. Inset shows high magnification image. Scale bar represents 500 nm. 
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Figure 2. Morphology of hESCs on non-mineralized and mineralized matrices. Bright 
field images of hESCs cultured on non-mineralized (NM) and mineralized (M) matrices 
after 3, 5, and 8 days of culture. Scale bars represent 200 µm. 
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Figure 3. Mineralized matrix-mediated osteogenic differentiation of hESCs. (A) Gene 
expression profiles of OCN, RUNX2, and SPP1 for hESCs on non-mineralized (NM) and 
mineralized (M) matrices after 14 and 21 days of culture. (B) Immunofluorescent staining 
of osteocalcin with corresponding F-actin (red) and Hoechst (blue) for HUES9 cells 
cultured on NM and M matrices after 14 and 21 days of culture. Scale bars represent 100 
µm. Data are presented as mean ± standard errors (n = 3). Two-tailed Student’s t-test was 
used to compare two groups at the same time point. Asterisks denote statistical 
significances according to p-values (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 
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Figure 4. Evaluation of symporter expression and pluripotency of hESCs on non-
mineralized (NM) and mineralized (M) matrices. Gene expression profile of (A) solute 
carrier family 20 (phosphate transporter), member 1 (SLC20a1) and (B) NANOG for 
HUES9 cultured on NM and M matrices. Data are presented as mean ± standard errors (n 
= 3). Two-tailed Student’s t-test was used to compare two groups at the same time point. 
Two-way ANOVA with Bonferroni post-hoc test was used to compare multiple groups at 
different time points to the undifferentiated hESCs. Asterisks denote statistical 
significances according to p-values (***: p < 0.001). 

Supplementary Figure 1 

(A) 

(B) 

Supplementary Figure 1 

(A) 

(B) 



 

 

38 

	  

	  

	  

Figure 5. Mineralized matrix-assisted osteogenic differentiation of hESCs cells through 
A2bR. (A) OCN, RUNX2, and SPP1 gene expressions for hESCs on non-mineralized 
(NM) and mineralized (M) matrices as well as on mineralized matrices in the presence of 
A2bR antagonist, PSB 603. Immunofluorescent staining of osteocalcin with 
corresponding F-actin (red) and Hoechst (blue) for HUES9 cells cultured on NM and M 
matrices as well on M matrices in presence of PSB 603 after (B) 14 and (C) 21 days of 
culture. Scale bars represent 100 µm. Data are presented as mean ± standard errors (n = 
3). Multiple groups at the same time point were compared by one-way ANOVA with 
Tukey-Kramer post-hoc test. Different letters indicate statistical significances between 
groups (p < 0.05). 
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Figure 6. Exogenous adenosine-mediated osteogenic differentiation of hESCs through 
A2bR signaling. OCN, RUNX2, and SPP1 gene expressions for hESCs on non-
mineralized (NM) matrices in the presence of adenosine and A2bR antagonist, PSB 603. 
Data are presented as mean ± standard errors (n = 3). Multiple groups at the same time 
point were compared by one-way ANOVA with Tukey-Kramer post-hoc test. Different 
letters indicate statistical significances between groups (p < 0.05).

Figure 5 Figure 5 Figure 5 



 

 

40 

 

 

 

 

 

Figure 7. Exogenous adenosine-mediated osteogenic differentiation of hESCs occurs 
through A2bR. Immunofluorescent staining for osteocalcin (green) with corresponding F-
actin (red) and Hoechst (blue) of HUES9 on NM matrices in the presence of adenosine 
and A2bR antagonist, PSB 603 after (A) 14 and (B) 21 days of culture. Scale bars 
represent 100 µm. 
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Table 1. Sequences of forward and reverse primers used in qRT-PCR experiments. 

 

 

Supplementary Table S1 
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